Abstract-A dual-wavelength hybrid Raman-erbium doped fiber ring laser is proposed and demonstrated. By tapering a section of erbium doped fiber ends with two-taper successively, the fiber laser can lase two wavelengths at 1563.08 nm (laser 1) and 1589.5 nm (laser 2). This dual wavelengths output exhibits a good performance having the side mode suppression ratio over 52 dB and acceptably high peak power at -3.2 dBm for both. The lasers also shows high stability at room temperature with peak power variations of less than 0.29 dBm for laser 1 and 0.39 dBm for laser 2 and wavelength drift less than 0.04 nm when observed up to 2 hours of operations.
I. INTRODUCTION
Multiwavelength fiber lasers are of great interest to researchers due to its potential applications in optical communication such as in wavelength division multiplexing (WDM) system, optical fiber sensor, spectroscopy, microwave generation and optical component testing. Dual-wavelength laser in particular, is a promising optical beat source for microwave generation in terahertz (THz) generation [1] .
In order to achieve multiwavelength fiber lasers, a range of techniques based on various gain media, such as Erbium doped fiber amplifiers (EDFAs) [2] , semiconductor optical amplifiers (SOAs) [3] and fiber Raman amplifiers (FRAs) [4] has been proposed. EDF is attractive due to its large gain, high extinction ratio and low polarization dependent gain. However, it exhibits strong mode competition due to the homogeneous line broadening of the erbium doped fiber (EDF) which causes unstable multi or dual-wavelength lasers in room temperature. Researchers has found methods to solve the mode competition issue such as by cooling the EDF with liquid nitrogen [5] , inserting the cavity with frequency shifter [6] and employing highly nonlinear fiber (HNLF) into the cavity [7] .
However, recently a more simpler way to suppress the mode competition has been introduced, which is to integrate the EDF with other gain medium such as SOA or FRA. The hybrid configuration exploits the advantage of strongly inhomogeneous line broadening property of SOA and FRA at room temperature. Comparing to SOA, FRA has more advantages of compatibility with fiber structure (to realize allfiber based laser) and high saturation power which will give higher output power laser. SOA, on the other hand, possess relatively large insertion loss and is extremely sensitive to polarization [8] . In this work, a highly stable dual-wavelength fiber laser incorporating hybrid gains of EDF and FRA is demonstrated. The dual laser with relatively high output peak power and side mode suppression ratio (SMSR) with high stability at room temperature measured within 2 hours is reported.
II. EXPERIMENTAL SETUP
The experimental setup of the proposed hybrid Raman-EDF ring system is depicted in Fig. 1 . The proposed dualwavelength laser setup is pumped using 1455 nm Raman pump source, a wavelength selective component (WSC), 4 km of dispersion compensation fiber (DCF) and 10 m EDF used as a gain medium, an isolator for unidirectional circulation, a polarization controller (PC) for stabilization of laser output and a 10/90 coupler. With this taper profile, the transmission spectrum is as shown in Fig. 3 . The transmission spectrum is of comb-like spectrum with free spectral range (FSR) of 5.17 nm and depth of 12 dB. The insertion loss of this taper, with total length of 7.0 cm measured at 1550 nm is 5.56 dB. The hybrid Raman-EDF ring cavity is co-pumped with 1455 nm pump source. The isolator is placed in such a way that the laser is propagating in clockwise direction around the cavity. The pump power is varied from 0 up to 1540 mW. The freerunning spectrum, measured with the absence of tapered fiber in the cavity, is as illustrated in Fig. 4 . The first peak gain is observed at 1565 nm at pump power 391 mW. This gain is contributed from the first order Raman Stokes shift, originated from the 4 km DCF. This peak continues to grow as the pump power is increased. The second peak gain, observed at 1591 nm started to develop at pump power of 512 mW. This peak, was contributed from the 10-m EDF gain spectrum. As the pump power increases, the second peak continues to buildup. At 767 mW, both peaks are approximately at the same point, with peak power at -5 dBm.
The output is considered to be a laser when the pump power is sufficiently high such that population inversion is achieved and therefore, the energy of the system has reached the lasing threshold. As shown in Fig. 5 , the laser starts to develop at pump power of 298 mW and continues increasing until it reaches its highest output power when the gain saturation is reached at pump power 1239 mW. The maximum laser total output power is 44.6 mW at steady state condition.
The dual-wavelength laser spectrum, with peak power of -3.2 dBm for both lasers are observed when Raman pump is set to 780 nm as shown in Fig. 6 . The first laser (laser 1) is at wavelength 1563.08 nm and second laser (laser 2) at 1589.5 Fig 6, it can be clearly observed that the laser lased at a point where the gain is at its highest and the cavity loss (of tapered-EDF) is at lowest, provided that the pump power is sufficiently high hence the gain exceeds the total cavity loss. The side mode suppression ratio is measured to be 52 dB and acceptably narrow 3-dB linewidth of 0.14 nm, which is limited by the resolution of OSA.
In order to study the lasing wavelength stability at room temperature, successive scans of the system output were carried out within 18 minutes and the results were recorded in Fig. 7 . The maximum peak power fluctuations was less than 0.29 dB for laser 1 and 0.39 dB for laser 2 as plotted in Fig.  8(a) . To further investigate the stability performance, we also evaluate the wavelength drift within the same period which was shown in Fig. 8(b) . It was found that the wavelength is very stable with variation of less than 0.04 nm throughout the scans. IV. CONCLUSION A hybrid Raman and EDF gain medium has been used to realize a highly stable dual-wavelength laser in room temperature. The lasers exhibit less than 0.39 dB peak power variations and 0.04 nm wavelengths drift within the 2 hours of observation. A segment of tapered-EDF end is used as a comb filter to achieve adequately narrow linewidth laser with 3-dB linewidth of 0.14 nm for both lasers. The SMSR is high at 52 dB and the lasers' peak power is -3.2 dBm due to the high saturation power of FRA.
